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We have investigated the effects of post-growth annealing on Al–Ga interdiffusion and As
precipitate coarsening in AlAs/GaAs superlattices grown by molecular-beam epitaxy at low
temperatures. High-resolution x-ray diffraction spectra show a significant decrease in the number
and intensity of satellite peaks for theex situannealed compared with the as-grown superlattices, a
feature which is often attributed to a reduction in interface abruptness. However, our cross-sectional
scanning tunneling microscopy images show significant variation in the apparent superlattice period
of the ex situannealed compared with the as-grown superlattices. For the as-grown superlattices,
preferential As precipitation on the GaAs side of AlAs/GaAs interfaces is evident. In theex situ
annealed superlattices, a preference for As precipitates at the GaAs on AlAs interface is apparent,
although the As precipitates are no longer restricted to the interface region. Thus, the apparent
change in superlattice period is likely due to variations in As precipitate density, which may be















































edCompound semiconductor films grown by molecula
beam epitaxy at low temperatures~200–450 °C! are gener-
ally nonstoichiometric.1,2 Excess arsenic~As! is incorporated
as As antisite defects (AsGa) and As interstitials, often
thought to be accompanied by a supersaturation of gall
vacancies.3,4 Upon annealing above the growth temperatu
the excess As segregates, forming a mixture of GaAs
semimetallic As precipitates which deplete the surround
regions of free carriers. With additional annealing, the
precipitates coarsen, increasing the size of the depleted
gions. The amount of excess As in the epilayers is contro
by the growth temperature, and the average size and de
of As precipitates are controlled by the post-growth anne
ing temperature.1 The ability to control the density and dis
tribution of excess As in compound semiconductors
opened up new possibilities for tuning the resistivity ove
wide range from 0.3V-cm for ultrapure intrinsic GaAs to
1011 V-cm for low temperature grown AlGaAs.5 Hence, it is
not surprising that many new device applications ha
emerged, including photorefractive semiconductors for ho
graphic applications,6 nonalloyed ohmic contacts,7 ultrafast
photodetectors,8,9 and patterned self-organized devices10
The nanometer-scale mechanisms of Al–Ga interdiffus
and As precipitate coarsening occurring during the po
growth annealing steps critical for devices are not well u
derstood. Therefore, we have investigated the effects of p
growth annealing on the structure of AlAs/GaA
superlattices grown at low temperature, using ultrah
vacuum cross-sectional scanning tunneling microsc
~XSTM! and high-resolution x-ray diffraction. In accordan
with earlier work,11 we find a significant decrease in th
intensity and number of satellite peaks for theex situ an-





















lattices. This type of trend has been observed in many su
lattice systems and is generally attributed to a reduction
interface abruptness due to interface intermixing. Here,
XSTM studies reveal an additional significant effect: a d
ference in the apparent superlattice periods of the as-gr
andex situannealed superlattices. For the as-grown super
tices, arsenic precipitates tend to be lined up along the G
side of each AlAs/GaAs interface. Afterex situannealing,
this preferential As precipitation is less apparent. It is like
that AlAs–GaAs alloying at the AlAs/GaAs interfaces h
iminished the preferential As precipitation, and that the d
ference in apparent superlattice periods may be explaine
the resulting variations in As precipitate distributions.
For these investigations, Si-doped (Nd;1
31018 cm23) heterostructures consisting of 75-period s
perlattices of alternating 10 nmn-GaAs quantum wells and
3.5 nm n-AlAs barriers were grown by solid sourc
molecular-beam epitaxy at 325 °C on a~001!-oriented Si-
doped (Nd;5310
18 cm23) GaAs substrate. The superla
tices were sandwiched between 50 nmn-AlGaAs layers
grown at 450 °C. Since the superlattices were effectivelyin
situ annealed for approximately 6 min at 450 °C, it is like
that most of the excess As segregated to form precipitate12
After growth, some of the samples were rapid thermal
nealed in nitrogen gas at 900 °C for 30 s. We will refer to t
AlAs/GaAs superlattices before and after post-growth
nealing cycles as ‘‘as-grown’’ and ‘‘ex situannealed,’’ re-
spectively.
High-resolution x-ray rocking curves~XRC! were mea-
sured by double-axis x-ray diffraction using CuKa radiation
monochromated by a four-reflection Bartels monochroma
which employs Ge~220! reflections in the~1,2,2,1! con-
figuration. The rocking curves were collected near t
GaAs~002! reflection. For XSTM, the samples were cleav

















































4083Appl. Phys. Lett., Vol. 75, No. 26, 27 December 1999 Lita et al.chamber with base pressure<5310211 Torr.13 All images
were obtained with a constant tunnel current of 0.2 nA unl
specified otherwise, and sample bias voltages ranging f
21.55 to23 V.
Figures 1~a! and 1~b! show ~002! high-resolution x-ray
rocking curves of~a! as-grown and~b! ex situannealed su-
perlattices. The presence of satellite peaks up to at leas
sixth order in Fig. 1~a! suggests that the as-grown superl
tices possess a well-defined periodic structure. The ave
spacing between the satellite peaks indicates an averag
perlattice period of 13.060.1 nm in both cases. The absen
of satellite peaks past the third order in~b! suggests that the
post-growth annealing process has led to a less well-defi
periodic structure. In earlier work, similar results were attr
uted to reduced interface abruptness afterex situannealing.11
We will show that the situation is actually further comp
cated by variations in the distributions of As precipitates.
Differences in the apparent superlattice periods of
as-grown andex situannealed superlattices are evident in t
large-scale XSTM topographic images shown in Figs. 2~a!
and 2~b!, respectively. In both images, alternating bright a
dark regions, corresponding to GaAs and AlAs layers,
FIG. 1. High-resolution x-ray rocking curves, collected near the GaAs~002!










apparent. The brightest spots are attributed to As prec
tates, similar to earlier reports.14,15 In the as-grown superlat
tices shown in Fig. 2~a!, the superlattice period appears co
stant with an average value of 13.260.1 nm, similar to the
13 nm period determined from XRC. In Fig. 2~b!, several
periods of theex situannealed superlattice are presented.
this case, the GaAs layers appear inhomogeneous, du
AlAs–GaAs alloying and/or to the presence of a nonunifo
density of As precipitates. Furthermore, the superlattice
riod is nonconstant, and may appear larger or smaller t
the average value determined by XRC. As will be discus
in more detail below, this change in the apparent superlat
period may be due to differences in the distribution of
precipitates, rather than a significant variation in the AlA
GaAs superlattice period.
In the as-grown superlattices, the As precipitates
typically spherical, with diameters ranging from 1 to 5 nm
as shown in Fig. 2~a!. A small fraction of the precipitates
appear oval shaped, presumably due to the agglomeratio
apparent agglomeration of two or more precipitates. Assu
ing that the cleave has bisected precipitates with an ave
diameter of 2.5 nm, we estimate a precipitate density of
31016 cm23. In earlier cross-sectional transmission electr
microscopy observations of nonstoichiometric GaAs a
nealed at 600 °C for 1 h,16 the precipitate diameters range
from 2.5 to 8 nm, with an average precipitate density
4.631015 cm23. It is expected that annealing nonstoichi
metric GaAs at a lower temperature and for a shorter ti
would lead to a much higher density of smaller arse
precipitates,1 which is precisely what we have observed
the present study.
Most of the precipitates in the as-grown superlattices
lined up along the GaAs side of each AlAs/GaAs interfa
For example, in Fig. 2~a!, 85% of the precipitates are situate
along the GaAs side of the interface, while only 11% and 4
are located within the GaAs and AlAs layers, respective
The preference for arsenic to precipitate in GaAs has b
explained by the lower Ga–As bond energy compared w
that of Al–As,17 which results in a lower interfacial energFIG. 2. Large-scale topographic images of~a! as-grown and~b! ex situannealed superlattices, obtained with~a! 0.2 nA and~b! 0.5 nA tunneling currents and


























































4084 Appl. Phys. Lett., Vol. 75, No. 26, 27 December 1999 Lita et al.of the As precipitate in GaAs compared with that of the
precipitate in AlAs.18 The smaller interfacial energy of th
precipitates in GaAs is expected to lead to a lower nuclea
barrier and to more significant coarsening of the As prec
tates in GaAs than in AlAs.19 The preferential As precipita
tion along the AlAs/GaAs interface, which has not been
plained previously, may be due to the presence of lat
distortions at the interface. Since the AlAs lattice constan
larger than that of GaAs, the AlAs and GaAs lattices a
distorted in compression and tension, respectively. The
precipitates would most easily fit into a lattice which is
tension, and would prefer to be located where the ten
distortion is highest, which occurs in the GaAs, close to
AlAs/GaAs interface. A similar alignment of As precipitate
was observed on the Be-doped GaAs side of Be-do
GaAs/GaAs interface.20
In the ex situannealed superlattices, the As precipita
which were initially lined up along AlAs/GaAs interface
have coarsened more significantly than those in other lo
tions. In addition, a preference for As precipitates at
GaAs on AlAs interface is observed, as shown in the top
raphy and current images in Figs. 3~a! and 3~c!. In Fig. 3~b!,
the cut of tip height along the line in Fig. 3~a!, narrow de-
pression~valleys! and protrusions~peaks!, corresponding to
FIG. 3. High-resolution~a! topographic image and~c! corresponding current
image of ex situ annealed superlattices, obtained simultaneously a
21.55 V sample bias voltage. The gray-scale ranges displayed are~a! 4.2 Å
and~c! 0.14 nA. A cut of tip height along the line indicated in~a!, with the














AlAs and As precipitates, are apparent. The As precipita
also appear as protrusions in the current image displaye
Fig. 3~c!. Furthermore, the current image in Fig. 3~c! sug-
gests a higher density of As precipitates near the GaAs
AlAs interfaces. This is likely to be related to the differenc
in abruptness between GaAs on AlAs and AlAs on Ga
interfaces, which have been reported in the literature.21 Fi-
nally, the appearance of theex situannealed superlattices i
often altered by the presence of bright elongated featu
which presumably consist of agglomerations of As preci
tates. An example of such an elongated feature is appa
towards the bottom of Fig. 2~b!. Features of this type hav
been observed in many regions of theex situannealed super
lattices, with tip heights ranging from 1.9 to 9.6 Å above t
nominal GaAs height. Taken together, these observat
suggest that the apparent change in superlattice period in
ex situannealed superlattice is due to a variation in the
precipitate distribution, which is presumably strongly infl
enced by AlAs–GaAs alloying at the interfaces.
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